Boundary conditions for non-equilibrium carrier densities and electric potential in a real metal-semiconductor junction are obtained on the basis of the continuity equations and the Poisson equation. The non-steady state case has been analysed. It is taken into account that holes do not penetrate into metal and the chemical potential of metal is constant. The both cases of open or loaded by a resistor external electric circuit are considered.
Introduction
It is known that non-equilibrium electrons and holes in bipolar semiconductors have influence on formation of electromotive forces (emf) of various nature (Dember emf, Hall emf, thermo-emf, etc.) [1] [2] [3] . Usually every emf is measured across the metallic contacts placed on the sample surfaces. It is shown in [1, 2] that a distortion of energy bands [4] influences the Dember emf and the Hall emf values. For calculation of these electromotive forces it is necessary to use the boundary conditions (BCs) in a real metal-semiconductor junction (MSJ). The BCs in quasi-neutrality approximation have been obtained in [5] . Owing to quasi-neutrality approximation the BCs have been formulated at a virtual surface, which is disposed at a distance of several Debye lengths from the real MSJ. It is obvious that the BCs [5] do not take into account a non-equilibrium space charge region (screening mode [6] ) influence on emf formation.
This article is aimed at the formulation of the BCs in a real metal-semiconductor junction.
Theory
Let us consider a metal-semiconductor junction (MSJ), which lies at x = 0. We assume that a metal is to the left of x = 0 and a semiconductor to the right.
BCs are derived on the basis of the continuity equations [4, 7] and the Poisson equation:
where δn (δp) is the non-equilibrium electron (hole) density, −e is the electron charge, j n (j p ) is the electron (hole) current density, R (G) is the carriers bulk recombination (generation) rate, ε is the semiconductor electrical permittivity, and ε 0 is the vacuum permittivity.
In the common case the partial current densities have the form
where σ n (σ p ) is the electron (hole) electric conductivity, δφ n = δϕ − δF n /e is the non-equilibrium electrochemical potential of electrons, δφ p = δϕ + δF p /e is the non-equilibrium electrochemical potential of holes, and δF n (δF p ) is the electron (hole) non-equilibrium chemical potential.
The expression of θ n,p depends on the field acting on the semiconductor. If the temperature gradient arises along the x axis, then
where T n,p is the electron (hole) temperature and α n,p is the thermo-emf coefficient.
If the electric E y and magnetic B z fields act on a sample, then
where µ n,p is the mobility of the carriers and γ n,p is the Hall factor of electrons or holes.
If a sample is illuminated by absorbed light, or when the electric field acts on a sample, then θ n,p = 0.
Let us consider now the case of open external electric circuit.
Integrating Eqs. (1), (2) with respect to x in a short range from x = −ν to x = ν and taking the limit one obtains
The absence of surface recombination in metal has been taken into account while deriving Eq. (5). Therefore generation and recombination rates have the form
where δ(x) is the delta function, G S is the surface generation rate, and R S is the surface recombination rate (SRR). We can simplify Eq. (5) because there are no holes in the metal (j p (−0) = 0) and the electric circuit is open (j n (−0) = 0). From Eq. (5) we obtain
The BCs (7) have been obtained in [6] for the case of negligible surface generation rate. In the first approximation by non-equilibrium carrier densities the bulk recombination rate has the form [7] 
where τ n (τ p ) is the time characterizing electron (hole) bulk recombination rate. It is obvious that in this case the SRR is equal to
where S n,p are the parameters characterizing SRR.
Note that in considered model the MSJ means the layer of thickness much smaller than the Debye length [1] . Therefore the parameters S n,p characterize SRR in the real MSJ. The BCs in [6] owing to quasi-neutrality approximation are obtained at virtual surface, which is disposed at a distance of several Debye lengths from the real MSJ.
Let us now integrate the Poisson equation (3) with respect to x from −ν to α and with respect to α from −ν to ν and take the limit ν → 0. One obtains
where δϕ M is the variation of electric potential of metallic contact. Note that there are no electric field in metal (dδϕ(−ν)/dν = 0) and the function (δn − δp)/(εε 0 ) is finite. Therefore we derive from Eq. (9) δϕ(+0) = δϕ M .
Integrating Eq. (1) with respect to x from α to ν with the use of Eq. (4) we derive
Let us integrate Eq. (11) with respect to α from −ν to ν and take the limit ν → 0. One obtains
where σ
By analogy we derive from Eq. (2)
where σ −1 pS = lim ν→0 ν −ν σ −1 p dα, σ pS is the hole surface conductivity.
Integrating Eqs. (1) and (2) with respect to x from −ν to α and with respect to α from −ν to ν and taking the limit ν → 0, one obtains for the left of x = 0 (14) and condition j n (−0) = 0 that
Taking into account that the chemical potential of the metal has not changed, we derive from Eqs. (10) and (16) δF n (+0) = 0 .
It follows from Eqs. (7), (8), (10), and (11) that BCs for δn, δp, and δϕ take the form
In the case of loaded external circuit the electric current j 0 = j n (−0) flows through metallic contact. Then we obtain from Eq. (14)
The BCs (18) and (20) remain the same. Equation (21) has a simple physical sense: the electric potential step at MSJ is caused by electric current through the junction and electron surface conductivity. In the case of open external circuit, BC (21) transforms into BC (19) as it should be. The BCs (18)-(21) differ on principle from those obtained in quasi-neutrality approximation [6] , because they are formulated in a real MSJ.
Note that BCs (20) and (21) are correct for nonequilibrium density and potential of any value. The BC for the hole (electron) current in the common case takes the form of Eq. (7) .
Also it should be stressed that obtained BCs require the exact solution of continuity equations and the Poisson equation.
Conclusion
The boundary conditions for the non-equilibrium carrier densities and electric potential in a real metalsemiconductor junction are obtained. The exact solution of the continuity equations and the Poisson equation together with the boundary conditions permit one to take into account the metallic contact influence on the formation of emf of various nature (Hall emf, Dember emf, thermo-emf, etc.).
